Background. ABO incompatibility is no longer a barrier in kidney transplantation. C4d is frequently positive in ABOincompatible (iABO) biopsies without further signs of microcirculation injury. This phenomenon is assumed to represent graft accommodation. However, ultrastructural examination of glomerular and peritubular capillary endothelium might reveal subtle endothelial damage. Methods. We studied the ultrastructural appearance of the endothelium in 67 biopsies from 21 patients with iABO allografts and compared it with 20 patients (29 biopsies) with ABO-compatible (cABO) grafts with C4d positivity and 25 ABO-compatible control patients (25 biopsies) without serological or histological evidence of humoral rejection (C4d negative). Ten ultrastructural parameters indicative of chronic and
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I N T R O D U C T I O N
ABO-incompatible (iABO) renal transplantation is a wellestablished procedure that has helped to increase the donor pool [1] . Long-term graft outcome has been shown to be similar to conventional ABO-compatible (cABO) kidney transplantation [2] . This is all the more noteworthy since the grafts are functioning despite the presence of donor-specific anti-blood group antibodies. This specific condition has been referred to as accommodation [3] [4] [5] . It is also well known that biopsies from iABO renal allografts frequently show strong C4d positivity in peritubular capillaries, indicating complement activation, without further signs of microcirculation injury or impairment of graft function [6, 7] .
C4d is a split product from classical complement activation. Identification of its deposition on the graft endothelium led to a more profound understanding of antibody-mediated rejection (ABMR) in renal allografts [8, 9] . Although recently, the sensitivity of C4d immunohistochemistry has been questioned [10, 11] , C4d staining is still considered highly specific for ABMR in a cABO setting [12] .
Acute and chronic endothelial damage can be assessed using transmission electron microscopy (TEM). Acute endothelial damage causes endothelial swelling, expansion of the glomerular lamina rara interna and loss of endothelial fenestration (LEF) [13] . Chronic microcirculation injury is reflected in multilayering of glomerular and peritubular capillary basement membranes [13] [14] [15] [16] . Systematic ultrastructural assessment of endothelial changes in iABO allografts has not been reported in the scientific literature.
In contrast to cABO, the specificity of positive C4d staining is completely lost in iABO renal transplants, where it is frequently strongly positive in the absence of additional light microscopic signs of microcirculation injury. This raises the question whether there is any evidence of subtle complement-mediated endothelial injury which is not identified by light microscopy.
To answer this question, we examined ultrastructural signs of microcirculation injury in iABO patients and compared it with cABO with positive C4d staining and ABO-compatible C4d negative controls. We related the findings to histopathology, presence of donor-specific HLA antibodies and graft function, aiming to further clarify the relevance of C4d in iABO transplants.
S U B J E C T S A N D M E T H O D S
Patients and study design Sixty-six patients with 121 transplant biopsies taken between 2001 and 2012 were included in the study. Twenty-one patients received an iABO transplant and had 67 biopsies in total. All available biopsies until February 2010 from all iABO transplants in our centre were included. Twenty patients had a cABO transplant and 29 biopsies in total. All of them showed C4d positivity (Banff score >1) in peritubular capillaries, with or without additional morphological features of microcirculation injury. To select these patients, we browsed our transplant database for C4d-positive cABO biopsies. From the patients that were found in the database, all C4d-positive biopsies were included, provided that a sample for TEM and clinical follow-up was available. Twenty-five patients with 25 biopsies from cABO transplants without C4d positivity and without signs of microcirculation injury served as controls. These patients were selected from our transplant database based on the following criteria: no microcirculation injury (Banff ptc and g score = 0) in any of the patient's biopsies, C4d always negative, time between transplantation and biopsy comparable with other groups; TEM and clinical follow-up available. Demographical and clinical data are shown in Table 1 . Experiences with iABO kidney transplantation in our centre, including the induction protocol and maintenance immunosuppression (IS), have been described previously [17] . According to our centre's policy, approved by the Hannover Medical School Ethics Committee, protocol biopsies were performed after obtaining a written consent at 6 weeks, 3 and 6 months after transplantation.
The estimation of glomerular filtration rate (eGFR) was carried out using the simple Modification of Diet in Renal Disease equation. The renal function was evaluated at baseline (best clearance during the first 6 weeks after transplantation), at the time of biopsy and at the time of last follow-up. For patients who lost their graft, the date of last follow-up marks the date of return to dialysis. The impairment of graft function per month was expressed as eGFR-slope = (eGFR at followup -baseline eGFR)/time to follow-up in months.
Histopathology and transmission electron microscopy Paraffin sections from formalin-fixed tissue were prepared for H&E, PAS, Jones Silver and C4d stains. Biopsies were graded according to the Banff criteria [12] .
'Suspicious for ABMR' was defined as the presence of glomerulitis or peritubular capillaritis and C4d > Banff score 1 (cABO) or as glomerulitis and peritubular capillaritis with or without C4d (iABO). 'Possible ABMR' was defined as the presence of glomerulitis and peritubular capillaritis >0 and C4d ≤ Banff score 1. Mixed cellular/humoral rejection was defined as borderline or acute cellular rejection according to the Banff criteria plus glomerulitis or peritubular capillaritis and C4d > Banff Grade 1 (cABO); plus glomerulitis and peritubular capillaritis with or without C4d (iABO).
A minute sample of each biopsy was fixed in glutaraldehyde to be processed for TEM. TEM was available for 63 of 67 biopsies in the iABO group, 29 of 29 for cABO and 25 of 25 in the control group.
The following ultrastructural parameters were semi-quantitatively graded as 0, 1, 2 and 3 as follows: foot process effacement (FPE): <10, 10-25, 26-50, >50% of the glomerular tuft involved; expansion of the lamina rara interna (LRIE): none, <25, 26-50, >50%; lamellation of glomerular basement membranes (LGBM): none, <25, 26-50, >50%; double contours of glomerular basement membranes (DKGBM): none, <25, 26-50, >50%; swelling of glomerular endothelial cells (SGE): none, <25, 26-50, >50%; loss of endothelial fenestration (LEF): none, <25, 26-50, >50%; adhesion of inflammatory cells to glomerular endothelium (AGE): none, <25%, 26-50%, >50%; peritubular capillary basement membrane multilayering (PTCML): none, <3, 4-5, >5 lamellae. Adhesion of inflammatory cells to peritubular capillary endothelium (APE) and swelling of peritubular capillary endothelial cells (SPE) was noted if present but not further graded. A summary of ultrastructural parameter abbreviations is provided in Table 2 .
To include all available biopsy information for each patient, but to avoid bias due to variable numbers of biopsies per patient, we combined all biopsies from each individual patient into one 'virtual biopsy'. The 'virtual biopsy' consists of the mean value of every histopathological and ultrastructural parameter. For further comparisons between groups, the virtual biopsies were used.
Analysis of HLA antibodies
Screening for anti-HLA class I and II antibodies was performed using the Luminex™ technology (LABScreen™ Mixed assay, One Lambda Inc., Canoga Park, CA) according to the manufacturer's instructions. This assay enables the detection of antigen-bound antibodies on fluorescently tagged polystyrole microbeads. Samples were subsequently analysed on a Luminex™ machine (Luminex™ Corporation, Austin, TX), which is able to discriminate up to 100 unique bead populations in one reaction vial. The discrimination of HLA specificities in LABScreen™ mixed-positive samples was performed using LABScreen™ single antigen beads (One Lambda Inc.) for anti-HLA class I and II antibodies. In addition, all samples were tested for the presence of lymphocytotoxic antibodies using a complement-dependent cytotoxicity assay with the addition of dithiothreitol to exclude lymphocytotoxic autoantibodies of the IgM type. In two cases, the detection of class I and II anti-HLA-antibodies was determined using the Lifecodes Single Antigens Class I and Class II assay (Gen-Probe, San Diego, CA) on a Luminex platform. 1/number of tests ). A P-value of <0.0169 was therefore considered statistically significant for three possible pairwise comparisons between our three cohorts.
R E S U LT S

Histopathology in iABO, cABO and controls
but was not when using the virtual biopsies.
C4d was positive (score >1) in all cABO patients and negative in all control patients according to the inclusion criteria for the respective group.
In iABO patients, 4 of 21 (19%) had an episode of acute rejection: 2 borderline rejections, 1 Banff II acute cellular rejection and 1 mixed cellular/humoral rejection (for definition, see Subjects and Methods). None of the patients presented with features of chronic (active) ABMR in light microscopy. In cABO patients, acute rejection was significantly more frequent (12/20, P = 0.011 versus iABO): one patient showed borderline changes, three patients had features 'suspicious for ABMR' and eight patients had mixed cellular/humoral rejection.
In the control group, 6 of the 25 patients (P > 0.05 versus iABO and P = 0.03 versus cABO) had acute cellular rejections (5 borderline rejections, 1 Banff Grade I). By definition, none had ABMR.
Interstitial fibrosis/tubular atrophy did not differ between the three groups. Three of 21 iABO patients had BK-virus 
However, two patients in the cABO group developed BKVN during follow-up.
Ultrastructure in iABO, cABO and controls
Representative pictures of ultrastructural findings are shown in Figure 1 and the results of TEM are presented in Table 3 .
None of the ultrastructural parameters significantly differed between iABO and controls. In contrast, all parameters indicated a higher degree of endothelial injury in cABO with 4 of 10 parameters being significantly elevated (after Sidàk correction for multiple testing) in comparison to iABO and controls, respectively. No association between the time after transplantation and TEM results was found for any of the parameters analysed (assessed for all 'non-virtual' biopsies together, data not shown).
Transmission electron microscopy sum score As a single ultrastructural parameter might be less meaningful than the entire picture of microcirculation changes, we summed the results of the individual parameters to give the total TEM sum score of each patient. The mean score in iABO patients was not found to be different from the controls, but was significantly higher in cABO compared with both iABO and controls (Figure 2A) . Interestingly, the score was significantly higher in patients with DSA ( Figure 2B ) and those with graft failure (Figure 2C ), while it did not differ between iABO with and without C4d positivity (not shown). The TEM sum score significantly correlated with graft function at different points of time, examined for all patients together ( Figure 2D-F) .
Kidney function
While the eGFR in iABO was similar to controls, cABO had the lowest baseline eGFR ( Figure 3A) , lowest eGFR at the time of biopsies ( Figure 3B ) and lowest eGFR at follow-up ( Figure 3C ). The estimated GFR-slope (the impairment of renal function per month from baseline to follow-up) was not different between the groups ( Figure 3D ).
In the iABO group, 2 of the 21 patients lost their transplant during follow-up (eGFR ≤ 10 mL/min/1.73 m 2 ), one from BKVN and one from humoral rejection with thrombotic microangiopathy, both in the second year after transplantation. The latter was the only patient with detectable DSA in the iABO group. There were 6 of 20 transplant losses in the cABO group: 1 from BKVN (<1 year after transplantation), 1 from BKVN and concurrent humoral rejection (<1 year), 3 from rejection (<1 year, second and fifth year) and 1 from unknown reasons (fifth year). There were no transplant losses in the control group.
Correlation between graft function and ultrastructural parameters Weak-to-moderate significant correlations between ultrastructural parameters and graft function at different points of time were seen for LRIE, LEF, FPE, SGE, AGE and SPE, especially with the eGFR at follow-up (Table 4) . None of the ultrastructural parameters correlated with the eGFR slope. Comparison between C4d-negative and C4d-positive ABO incompatible grafts We analysed whether iABO patients with and without C4d staining were different with regard to histology, TEM and clinical parameters. 'C4d negative' was defined as complete absence or only minimal C4d positivity (Banff ≤ 1) in all of the patient's biopsies. Neither histopathological nor ultrastructural parameters were different between C4d negative (n = 5) and C4d positive (n = 16) patients. The number of HLA mismatches and number of kidney transplants were not different between the two groups. Graft function was not significantly different between the two groups at any point of time.
Presence of DSAs
For retrospective analysis of donor-specific HLA-antibodies (DSAs) post transplant, 56 sera from 38 patients were available (18/21 iABO, 12/20 cABO and 8/25 controls). DSAs were detected in 1/18 iABO (HLA class II) and 5/12 cABO (1 × HLA class I, 3 × HLA class II and 1 × HLA class I and II). Thus, DSAs were significantly more frequent in cABO compared with iABO (P = 0.026). In those patients in whom serial sera were tested (one to three different points of time were available), all were positive for DSAs.
In the ultrastructural examination, patients with DSAs had significantly worse FPE (P = 0.003), LRIE (P = 0.011), LEF (P < 0.001) and SPE (P = 0.016) compared with patients without DSAs. There was no association between the number of HLA mismatches and the presence of DSAs but patients with DSAs more often had had more than one kidney transplant (P = 0.012).
Patients with DSAs compared with patients without DSAs had significantly worse eGFR at baseline (36.0 mL/min/1.73 m 2 ± 20.5 versus 59.81 ± 27.74; P = 0.035), at the time of biopsies (24.1 ± 10.41 versus 41.84 ± 20.72; P = 0.014) and at follow-up (17.97 ± 11.1 versus 44.88 ± 21.26; P = 0.002). Three of six patients with DSA lost their transplant during follow-up compared with 3 of 32 in the DSA-negative group (P = 0.039). All DSA-negative patients with transplant failure had BKVN.
D I S C U S S I O N
To the best of our knowledge, this is the first study to systematically examine ultrastructural changes in C4d-positive biopsies in iABO and cABO renal allografts. C4d positivity of at least some degree was present in 95% of patients in the iABO cohort. However, the light microscopic picture of ABMR as defined by the Banff classification was rarely seen in iABO. The ultrastructural changes as assessed by the TEM sum score did not significantly differ between iABO and controls, while patients with C4d-positive cABO allografts and/or detection of DSA had the highest TEM sum score. Consistently, graft function was similar in iABO and control patients, but significantly The underlying reasons why antibody binding and complement activation can occur without causing endothelial injury are incompletely understood. Various mechanisms have been investigated (reviewed in [18, 19] ). Most studies addressing accommodation have been done in vitro or in xenograft models showing increased expression of cell protective molecules such as haemoxygenase-1 or nitric oxide, upregulation of anti-apoptotic genes such as A20, Bcl-2 and Bcl-x or increased expression of complement regulatory proteins such as DAF (CD55) or CD59 [5, [18] [19] [20] [21] [22] . The latter would explain why the complement cascade can be initiated but does not result in cell lysis. Only a few studies have been performed in human tissue, showing immunmodulation via reduced mRNA expression of SMAD5, TNFß and TGFß in accommodated grafts [4] . Ding et al. [5] speculated that the kinetics of anti-graft antibody titres rather than the titre itself seems to be crucial to allow the establishment of accommodation. One may speculate that once accommodation is established, this protects the graft not only against anti-blood group, but also anti-HLA antibody-mediated injury. However, the only DSA-positive patient in the iABO group lost his graft due to ABMR.
General concerns have been raised over the presence of any anti-graft antibody, either anti-HLA or anti-ABO, which may cause accumulative subtle allograft injury resulting in longterm graft impairment [23] .
In our cohort, however, there is no evidence of endothelial damage in iABO beyond that observed in uncomplicated renal allografts. Sekijima et al. [24] briefly mentioned ultrastructural 'signs of humoral injury' in iABO. However, electron microscopy was not further described, findings were not compared with cABO transplant biopsies and no follow-up was available. Our results indicate that mild endothelial changes can be observed, even in 'normal' ABO-compatible transplant biopsies. 
O R I G I N A L A R T I C L E
U l t r a s t r u c t u r e i n A B O-i n c o m p a t i b l e r e n a l a l l o g r a f t s However, this does not seem to affect the long-term outcome. No significant differences regarding electron microscopy were seen between iABO and controls for any of the parameters analysed. Over-interpretation of transient abnormalities at a single point of time should therefore be avoided.
Two parameters in particular seem to indicate relevant acute endothelial injury: lamina rara interna expansion and loss of endothelial fenestration. These parameters inversely correlated with the transplant function at different points of time, differed between cABO and both iABO and controls and differed between patients with and without HLA-DSA. As electron microscopy was mostly performed within the first year after transplantation, chronic changes such as glomerular double contours or advanced multilayering of peritubular capillary basement membranes were infrequently seen ( present in 11 and 5 of 117 biopsies, respectively). Transplant glomerulopathy (TG) detected by light microscopy is normally seen >2 years after transplantation [13] , although ultrastructural endothelial abnormalities in patients with later TG can be observed in the very early post-transplant period [13] . Ultrastructural studies on transplant renal biopsies have shown that a mild degree of PTCML can be present in renal diseases other than chronic rejection, especially those that cause endothelial injury, and even in normal transplants, similar to our results [14, [25] [26] [27] . Recently, Roufosse et al. showed that PTCML predicts TG and that the risk of TG increases with every additional layer of basement membrane [16] . Our results do not necessarily support the value of PTCML to predict TG, especially if it is of mild degree: Only two of six patients in the cABO group with ultrastructural evidence of glomerular double contours had concurrent PTCML. Five patients developed overt TG by light microscopy subsequently and only two had PTCML at the time of our investigation. One was of higher degree. Conversely, some degree of PTCML was present in 17 patients in the iABO and cABO groups combined, only three of whom developed light-microscopic TG during follow-up.
There are several shortcomings in our study, which are the limited number of patients in each group and incomplete DSA testing. This is inevitable due to the retrospective nature of our study. The fact that several biopsies per patient were available in both cABO and iABO reduces the risk of over-interpretation of potentially transient findings.
To the best of our knowledge, this is the first study to examine the ultrastructural appearances of the endothelium in the early course after ABO-incompatible transplantation in correlation with histopathological findings and clinical course. The results indicate that a mild degree of endothelial injury in ABOincompatible patients may be identified. However, this is not different form normal controls and does not seem to impact on the graft outcome. This supports the concept of endothelial accommodation in ABO-incompatible renal allografts. 
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